At this first opportunity for open scientific discussions on this subject we look forward with eagerness to exchanging experiences with others and hearing of the courses taken towards the common goal in the various laboratories of the world.
At this laboratory, the peculiarly intriguing nature of the problem and the admirable consequences of its solution have long been recognized. Lively discussions of such matters as plasma drift in a torus and its effect on achieving a laboratory thermonuclear reaction occurred between Fermi, Kerst, Landshoff, Teller, R. R. Wilson and the writer in 1946, and an unsuccessful search for neutrons from colliding Munroe jets of metal deuterides was made at about the same time, based on an earlier paper by Ulam and the writer.
When the subject was reopened in 1951, the toroidal pinch (as proposed, with a superimposed B z field, by the writer in 1948) was selected as the confinement geometry for initial study and it passed through the usual vicissitudes and modificationsinstability, linear dynamic pinches (Columbus), rf pinches, so called B z and wall stabilized pinches; while parallel speculations and experimental forays were made into cusped geometries (Picket Fence), spinning plasmas, shocks in axial and convergent geometries and magnetic mirrors. Our ideas and plans have undergone profound changes during the last seven years and are in process of undergoing another. As little as half a year ago, the chief obstacle to the achievement of a thermonuclear reaction via the stabilized pinch appeared to be contamination of the plasma by foreign atoms sputtered or evaporated off the walls. Doubtless this particular obstacle is still there, but in the meantime a crevasse has opened at our feet, in the form of our new experimental observations of high energy losses from the pinched plasma. If these turn out to be due to the newly predicted surface hydromagnetic instabilities, then we know how to overcome these and the outlook may be better than ever. If the losses turn out to be due to plasma * Los Alamos Scientific Laboratory, University of California, Los Alamos, N.M. 2 oscillations, as is feared, then the outlook for the stabilized pinch as a possible reactor seems grave.
Present Requirements
The outstanding need in controlled thermonuclear research at present is for reliable quantitative observations on confined plasma, and the shortage of these can undoubtedly be blamed on the extreme mobility of plasma, the variability of gas discharges, and their sensitivity at high temperatures to impurities. It is only recently that primary measurements on the pinch effect have been made, of quality such that worthwhile derivations of other quantities from them could be made. At Los Alamos, the magnetic probe has unquestionably been the most effective measuring tool, yielding (from the pinch) plasma pressure, plasma electrical conductivity and, most recently, plasma mass. The mean temperature of the plasma, involving (î'eiectron+î'ion)» has also been determined but not the much-sought-after individual components of it. Obviously, if ion temperatures could be made high enough, the trivial neutron-producing processes which bedevil us at present would also become trivial in yield, with the result that the thermonuclear yield could take its logical place as the ideal thermometer for ions.
In order to bring this into play, there has been a direct effort at Los Alamos to produce an identifiable thermonuclear reaction, without regard for reactor implications. Whether this has been achieved is still indeterminate: of the five experiments producing neutrons, Scylla looks probable as a thermonuclear source and is supported by a measurement of the neutron energy distribution, Columbus II neutrons have an energy anisotropy so small as to raise difficulties in interpretation by trivial processes, Columbus S-4 neutrons seem well correlated with anew instability and therefore appear suspect, as do the Perhapsatron S-4 neutrons on account of a much larger energy anisotropy. Ixion neutrons seem to be of two kinds, trivial ones associated with sheath breakdown and less determinate ones in a kind of tail of indefinite extent.
Obviously, the control of thermonuclear fusion depends on answers to problems in basic plasma physics. For example, are the high plasma losses observed in the pinch a characteristic of all confined systems? Until such questions are answered, the technological problems of a fusion reactor are surely far away. What engineering design for a thermonuclear reactor would survive an increase in plasma diffusion rate by an order of magnitude ?
As a matter of fact, some of the highly impulsive schemes-Columbus and Picket Fence-might survive such an increase but, for the time being, at Los Alamos we hope to steer clear of any large machine, keeping to a course of fairly basic plasma physics research in which practice and theory are intimately associated, around numerous modest-scale experiments.
In magnitude, our effort engages the activities of fifty-one people, including twenty-four physicists, the rest being engineers, technicians and secretariat. The staff is divided into two groups under the leaderships of Dr. K. Boyer and Shafranov б in the USSR, and Tayler e in the UK <-have become largely supplanted in our minds by the energy principle treatment 7 by Suydam 8 of the same geometry with diffuse boundaries between axial stabilizing field В г and confining field B e . In this treatment the sign of 8W, a function of the displacement, is the criterion for stability. The study was carried out by noting that the special character of the Euler-Lagrange equation of the variational principle permits one to evaluate SW f or a minimal displacement (i.e., a displacement which satisfies the Euler-Lagrange equation) for general configurations of plasma and field, without obtaining a detailed solution to this equation. If a minimum for bW exists, such a procedure will find this minimum. However, certain configurations exist for which bW is unbounded below (hence unstable) and it has not been shown that the above procedure will identify such cases. Thus a condition has been found which is necessary, but has not been shown sufficient for stability. It is ¥/ + 4\^) >0 where ¡i = B e /rB z and p = plasma pressure. This imposes restrictions on the radial gradient of density in the pinch, such that it seems unlikely that a stable pinch with unidirectional В г and B e exists. However, and here we differ from the older Rosenbluth criterion, stability is aided by an external-to-the-pinch reversed В г and B e . Much importance is attached to this prediction, for although it adds complications to a thermonuclear reactor based on a pulsed B^-wall stabilized, toroidal pinch (Pephapsatron) it revives hopes for a continuous rf pinch using cyclic В г and B e magnetic fields, to which we shall return in the conclusions. A computation of a stable configuration with thick boundaries and reversed B z has also been reported by Rosenbluth. 9 A pinch current and plasma distribution has been found by Longmire 10 (see also Bickerton 11 ) which is stationary and in equilibrium with pressures and diffusion, assuming isothermal plasma and ignoring Joule heating. It is unlikely to be observed in the laboratory since it is unstable by the Suydam criterion above, but has didactic value for the light it throws on the compensation of the outward diffusion current -DVn by the inward drift cE/B.
Ixion Geometry
The axial magnetic field-radial electric field, spinning plasma geometry (as variously proposed by Lloyd Smith, 12 Shipley, 13 Luce, 1 * Baker" and Gow
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} with the addition of magnetic end mirrors, is known here as Ixion. A mathematical analysis of the motion 17 predicts a strong enhancement of the mirror confinement. In such a device, collisions are by virtue of the Larmor energy since the rotation does not lead to collisions and, for ions created non-adiabatically in the system (as, for example, by ionization), the Larmor energy is approximately the same as the drift energy, %mc z (B¡E) z . Thus, for example, with E = 10 esu/cm and В = 2000 gauss, the Larmor energy is 25 kev which is quite adequate for thermonuclear purposes.
The current through such a device in equilibrium would of course ideally be zero, and the plasma confinement time diffusion-dominated. A plasma current does arise, however, by virtue of interaction between the rotating plasma and neutral atoms, either originally present or returning from the walls, as well as by virtue of a differential drift, between ions and electrons, due to the centrifugal force. In order, then, to achieve the long confinement time appropriate to a reactor, plasma drifting to the walls must be disposed of by some kind of diverter (с/. Stellarator) action and, to minimize the centrifugal drift, the radius must be large.
The initial formation of the rotating plasma also presents a problem as follows. The displacement current which flows in setting up the rotation has a magnitude corresponding to the enormous dielectric constant 4immc 2 /B 2 , i.e., of order of 10 6 amp. This current, in flowing to the electrodes, would produce local space charges (sheaths) which would screen out the applied electric field from the bulk of the plasma unless arrangements are made for a ready supply of electrons and ions at the appropriate electrodes.
Runaway
Runaway is the term given to the production of an accelerated directed velocity in some components of the plasma by an applied electric field. A theory of immediate runaway in a fully ionized plasma of temperature Г in a strong electric field has been given by Dreicer. 18 It turns out that the critical electric field E c required to produce such runaway is small and proportional to the ratio, density/temperature. For example, at particle density n = 10 16 cm~3 and f kT == 100 ev, E B = 8 volt/cm. The theory has now been extended to the more difficult case of weaker electric fields, 19 where only part of, say, the electron distribution runs away immediately. These theories do not take into account the excitation of plasma oscillations by the runaway which, it seems superficially obvious, will reduce the runaway to some extent.
The pressure balance equation much used in the laboratory has also been modified by Dreicer as follows:
where г, в, z are cylindrical coordinates, 2? w is the radius of the outside wall, В is the magnetic field, B % = B z 2 + B e z , and P rv , P ee are elements of the momentum flow tensor, P ee =
¥" =
Here, v is the electron drift velocity parallel to B; the mean square random thermal speeds are assumed to be equal in the в and v directions.
The new term,
Г
is the centrifugal force due to electron runaway. The question now arises, how much the very encouraging values for nkT deduced experimentally in this laboratory have been exaggerated by the neglect of this term.
We shall return to this in the discussion.
Oscillations The literature on plasma oscillations is voluminous, and we mention among the early contributors, the names of J. J. Thomson, 20 Tonks and Langmuir, 21 Landau, 22 Bohm and Gross, 23 and Vlasov. 24 More recently, the subject of the excitation of plasma oscillations has been reported on by Akhiezer and Faynberg, 26 Akhiezer and Polovin, 26 Luchina, 27 t 28 Gordeyev, 29 and, very recently in the USA, Bunemann. 30 > 31 These papers discuss the excitation of plasma vibrations by an electron beam or drift in an applied electric field, and they show that by a cooperative space charge interaction (without collisions) between ions and electrons, somewhat resemSh'ng bulk Helmholtz instability, the electron and ion osculations can grow. Experimental confirmation of this process comes in an entirely different connection, namely the so-called double-beam traveling wave tube, 32 > 33 in which amplification of space charge waves occurs by interaction between electron streams of differing velocities. (The identity of these two processes was pointed out by Bunemann.) We now propose still another process for the excitation of plasma oscillations, depending on twobody interactions between ions and electrons as follows. 34 For a plasma consisting of ions of density щ cm~3 and of electrons, both at temperature T, an electric field E a has induced a displacement of the electron velocity distributions in the x direction as a whole, so that the electric velocity distribution is symmetrical about a point v x (henceforward called v). The so-called dynamical friction force 36 between the electron and ion distributions has been calculated on the above model by Dreicer. Figure 1 gives the form of the function ф(г) where the dynamical friction is treated as giving a fictitious electric field of magnitude Е е ф(г) ; the abcissa, z, is the ratio: drift velocity/mean thermal speed. At the maximum on the curve, ф{г)Е с = 0.425.
For drift speeds larger than the mean thermal speed, we see that the slope of the dynamical friction curve becomes negative, in fact ф(г) ос z~% for large z. For an applied electric field, E & , we write down the equation of motion of the electrons, taking into account the drag force:
1860.1
where E a is the restoring space charge field related to the electron density n by:
and the equation of continuity is
We discuss a small sinusoidal modulation in the drift velocity, which oscillates with the characteristic plasma frequency, w p = (4тгие 2 //х)*, where j u. is the reduced electron mass.
The effect of the negative slope of ф(г) is to introduce a negative damping, and we find the growth constant for small electron oscillations to be 4eE c eTlmvo s where vo = mean drift velocity. A numerical example of the growth constant for the following values of the parameters: plasma density n = 10 ie electron/cm 3 , temperature T = 100 ev, z = 2eT¡mv 0 = 2, v 0 = Ю 9 cm/sec, E o = 90 volt/cm, £ a = 19 volt/cm, e = e/300 = 1.6 x 10-ia, is Wg = 7 x 10 1 ?. we see that the growth is such that large amplitudes could develop in a few microseconds.
For identification, we shall refer to this as the violin-string mechanism (the mechanism is closely analogous to the setting into vibration of a string by the nonlinear friction of the bow).
For the large osculations, we must refer to the limit cycle of the nonlinear equation, the maximum downward excursion of the velocity for z = 2 being obtained by equalizing the two shaded areas, from which we see that the amplitude can become large enough to move the particles against the field in the peaks.
The external manifestation of the process as described might be a small increase in plasma resistance (but not enough to bring it above the f power law value) and an increase in the Maxweffization rate-cf. Langmuir's paradox. 36 These longitudinal oscillations do not radiate but numerous cross-coupling possibilities for transition into radiative modes exist-as for example via the fluctuating electron centrifugal force in moving along curved magnetic field lines. For the violin-string mechanism, the critical value of the z parameter is 1, but it has not yet become clear how large the fraction of the electrons having z > 1 must be for growing waves to-exist. The ratio z is, of course, a critical parameter for the other mechanism also, for which still larger growth rates have been predicted, so there is some doubt which of these will be dominant for the plasma oscillation phenomena concerned.
A theoretical analysis 37 has also been made of the economics and stability of the plasma confinement process, variously called electrostatic 36 or inertial 39 in which electrons are inwardly projected over the surface of a sphere, the resultant turning point near the center forming a space charge well for positive ions. It turns out that a modest thermonuclear reaction might conceivably be maintained in a few mm 3 in this way, for experimental purposes, but no economic thermonuclear reactor seems to be possible from this geometry in the electronic form. However, an alternative arrangement, 40 with the ion and electron roles reversed, and which technically we do not know how to construct, looks quite promising.
EXPERIMENTAL
(The order is in historical sequence of development)
Columbus II 41 This is a high power linear pinch apparatus with the following properties: ¿#6e-diameter, 10 cm; length, 30 cm; material, Mullite; condenser-ca.Tpa.dty, 25 x 0.8 ¡JS; voltage, up to 100 kv; peak current, 800 ka; time to current peak, 2.2 /¿sec. The condensers (Fig. 2) are at the periphery of a low inductance transmission line connected to the discharge tube by a single eight-plate subdivided vacuum spark gap. 42 At 50 kv tube voltage, the neutron pulses from this machine, of duration ~ 1.5 /¿sec, contain 3 x 10 8 neutrons per pulse for zero В г and 2 x 10 7 for 200 gauss B z . 43 The yield at large В г has proved to be susceptible of improvement 
Neutron Yield
The neutron yield falls with increasing B z (Fig. 4 ), at first sharply and then more slowly. The neutron energy anisotropy also falls from the value (expressed as the energy of deuterons moving towards the cathode, assumed to react with stationary deuteron) of 57.5 kev at B z = 0 to 7.2 kev at В г = 500 gauss. Equivalent deuteron radial velocities appear from nuclear emulsion studies in other experiments to be lower than the velocities towards the cathode. If we assume that the primary neutron source is, in reality, monoenergetic and centered on the peak of the observed smooth neutron energy distribution, we can proceed to calculate the current of deuterons (having the appropriate energy from the observed center-ofmass velocity) incident on stationary deuterons at the compressed pinch density consistent with the observed yield. At low B z , this gives a reasonable answer, e.g., at В г = 0 and deuteron drift energy 57.5 kev, deuteron current ~10 3 amp. However, at high B z , say 500 gauss, and deuteron drift energy 7 kev, the deuteron current is 6 x 10 6 amp: this is absurd, both on energetic grounds and also because it is larger than the total tube current ~5 x 10 6 amp. (These currents are not dissimilar but it should be remarked that a fraction of the tube current-nearly all of it in a torus, where the net plasma momentum is zero-is carried by the electrons.) In speculating on the origin of these high B z neutrons, none of the usual instability characteristics are present, voltage signatures or sharp neutron peaks, and the discharge is conventionally stable in the m = 0 mode. A simple explanation, in terms of a general thermonuclear reaction throughout the pinch, can likewise be excluded since it is not energetically possible for the whole plasma to have the required drift velocity. Some process is needed which would increase the deuterondeuteron relative velocity in a small fraction of the plasma while maintaining in it the 4.1 x 10 7 cm/sec drift towards the cathode. At first sight, a Fermi-type mechanism, i.e., acceleration by reflections between moving magnetic discontinuities, might seem the most likely but in such a case more neutrons from deuterons moving away from the cathode should be observed. Ordered motion of the required kind can be imagined in a shock moving toward the cathode, as proposed by Phillips (the neutrons are known to be emitted uniformly along the pinch except in the vicinity of the anode). Another suggested process is a constriction moving towards the anode and having in it an increased B z . The conservation of flow through such a constriction involves acceleration of the deuterons into the constriction, accompanied by conversion of longitudinal motion into Larmor energy by the increased В г field, the required relative velocities being thus produced without calling on a collision process. Future experiments with the Columbus II apparatus involve a search for a relation between neutron pulse length and tube length, and a further attempt to apply the magnetic probe. The latter has so far proved too fragile, both mechanically and electrically.
Columbus S-4 44-48
This is a medium power linear pinchmachine having a ¿w&e-diameter, 13 cm; length, 61 cm; material, 
Light Emission
This apparatus has been used in a series of fundamental studies of the pinch, and from it have come most refined and reproducible observations. Important, rh the achievement of cleanliness from impurities and reproducibility of operation, has been a conditioning of the tube by repeated discharges, with monitoring of the emitted impurity light and gas formation. In the clean state, the total visible light is <1% of that emitted from normal tubes, and no marked emission of gas into the pumping system is observed after a 250 ka discharge. Remaining changes in the performance from one discharge to the next were" traced to fluctuation in pressure due to pumping instability, and were eliminated by a gas flow control servo operated from a Pirani gauge. In the final state, readings of Вд and B z (except when instabilities are present) are reproducible to within a few percent.
Emission of Up light occurs in a brief flash, falling to zero for the main duration of the discharge. Si n 4128 Â line intensity, used as an indication of wall impurities, does not appear until the second half cycle.
Behavior of Current Sheath
The magnetic probe measurements show (Fig. 5 ) that the currents flow in a well developed sheath in the initial stages (0-3 /¿sec), with a good r" 1 dependence for Вд, indicating negligible currents outside the sheath. From the equation for static hydromagnetic pressure balance, we evaluate nkT. At 2.5 /¿sec, this is peaked at the radius of the current sheath and falls to zero on the axis. This hollow nkT distribution has been predicted for some time to occur as a consequence of the accumulation of the swept-in gas at the sheath (snow plow effect) and its joule heating, but was never observed in earlier experiments with smaller diameter tubes. It turns out to have important consequences for the interpretation. Figure 5 also plots the two sides of the Suydam inequality from which we see that the pinch is unstable for radius >2.5 cm. After three or four microseconds, the azimuthal symmetry of the pinch is generally lost, in a manner depending on the magnitude of the initial B z stabilizing field. For low В г , а helical deformation is found, such as would be predicted for m = 1 instability. Higher В г fields effectively eliminate such gross motions but a "fluttering" motion of the plasma boundary appears: correlation studies, of the signals from sets of closely spaced magnetic probes, indicate this motion to be turbulent in nature with related motion limited to regions of 1-2 cm extent. Figure 6 shows magnetic probe traces of the B e signal as the fluttering boundary reaches the probe radius set at 4 cm, together with the neutron signal. This figure also gives the signal from a probe oriented to detect radial components of the magnetic field. Such probes detect the onset of instability sensitively. Neutrons are emitted from Columbus S-4 in a characteristic long pulse coinciding with fluttering and seen only when the clean state is achieved and fluttering is present. It seems reasonable to attribute the fluttering and the neutrons to the boundary layer instability of the kind predicted by Suydam. 
Microwave Radiation
Observations made with a microwave detector, 47 at A = 3 cm, in the axial and radial directions show (1), an intense pulse of radiation in the first microsecond, (2) a quiet period 1 to 3 /¿sec and (3) a burst of radiation correlated in time with the fluttering. As the pressure balance calculations are extended to later times, the sheath which was well defined at 2.5 /^sec, becomes intermixed at a discouraging rate so that, at 6 jusec, the distributions are found to correspond to j B and j z current densities uniform across the tube.
Carrying the probe observations to the. end of the first half current cycle resulted in the observation of entrapped currents in the pinch. Such currents have been reported before 48 " 49 and occur in a theory of imperfect sheath formation. 60 At the time when the total tube current has reached zero, approximately one third of the original maximum current ~6x 10 4 amperes may still be flowing in the axial region, and back along a thin region adjacent to the wall. The phenomenon is, of course, due to the appreciable diffusion time for the internal currents to reach the exterior, together with the conductivity at the wall of some of the expanded gas in the pinch, which effectively screens the interior from the reversal in the applied voltage. Such reversed current distributions have some practical interest; a sufficient increase in the reversed current leads to a reversal of B e . Suydam's criterion for stability can be met by a reversal in B e , and a stable pinch configuration involving reversed B g has been deduced by Tayler. 6 
Conductivities
Returning to the plots of B e and В г versus radiususing VxB = 477J, we can derive В and j. From three plots separated in time, using cV x E = -BB/dt, we determine E, the electric field at all points. Knowing B, j and E at all points allows the evaluation of the parallel and perpendicular conductivities, <r B and a x . Figure 7 shows the results obtained for a discharge at 60 ¡i deuterium pressure, 200 ka peak, В г = 2000 gauss.
Highly peaked currents, / e and J z , at intermediate times indicate a well developed sheath. Note that E e is small at the-wall (it should extrapolate to zero at 7.2 cm for conservation of B z flux). The parallel conductivity is seen to rise with time, reach a maximum (at t = 1.8 /¿sec and / = 3.5 cm) of 800 mho cm" 1 , and subsequently decline to a uniform lower value of ~ 150 mho cm-1 . The perpendicular conductivity is not plotted in Fig. 7 as its value within the experimental error turns out to be zero, except at the same point in space and time as the maximum in o-n , where it reaches the value 20 mho cm" 1 .
Plasma Inertia
These parallel conductivities correspond to electron temperatures, of 12 ev for 800 mho cm" 1 and 5 ev for 150 mho cm-1 . In the Fig. 7 plots of pressure versus radius, an anomalous plasma pressure is observed which alternates between the inside and outside of the current sheath. Suspecting that this was due to an inertia term, a careful plot of radius versus time revealed a small sinusoidal oscillation during the contraction (Fig. 8) .
A calculation of the mass density in the sheath, using the accelerations measured from Fig. 8 and the anomalous part of the pressure plot, agrees, within the experimental error, with the total mass of contained gas that would be swept in by the sheath. Subsequently this was done more simply by noting that the small oscillation frequency about the equilibrium radius of a thin heavy shell of surface density, p s , under the particular external circuit conditions of B z and I conserved, is where В = B g = В г is the magnetic field strength at the shell surface. An experiment to observe this oscillation frequency (Fig. 9 ) using а В г probe on the axis, over a range of gas densities, confirms that the oscillation frequ' ncy varies as the square root of the gas pressure and that the B z oscillation amplitude increases with gas pressure, as it should since the sheath velocity in Columbus S-4 is only slightly dependent on gas density at the selected operating t «2.6 pesa has been a conspicuous gap in our knowledge of the pinch-namely, the completeness of the insweeping of the initial gas filling (since Columbus S-4 is apparently free from impurities during the first half current cycle).
Temperatures
This, together with the observed dependence of cu r on initial gas filling density, leads to the further conclusion that no significant contribution to the deuterium gas filling occurs by desorption or removal of monatomic films of deuterium from the wall, or detachment of the sheath from the wall, as has been feared. We next attempt to apply the knowledge of p s obtained from the osculation frequency, to the nkT in the sheath, deduced from the pressure balance equations, in order to extract T. We take a peaked nkT distribution (Fig. 5) for example (see the discussion for the justification of this), and proceed to guess a density distribution in the sheath. The lowest temperature we can obtain throughout the sheath is by making it isothermal and matching the point density to the pressure. Dropping the inertia! part of p in Fig. 7 and normalizing the resulting integral over the point density to the measured p s , we obtain the temperatures (Г е + Ti) of 6 ev at 1.4 /¿sec and 13 ev at 1.8 /¿sec. We cannot do this at 2.6 /¿sec since we have no check on p B , and, furthermore, the distribution is not hollow then. We can assume the peak in p contains all the initial filling gas, however; in which case, we obtain for (Te+Ti) at 2.6 /¿sec the value 33 ev. Substitution in one of the expressions for the rate of equalization of temperature between electron and ion Maxwell distributions, shows, for particle density n ~ 10 ie cm~3 and T e ~ 10 ev, that (a) if T e > Ti, there is insufficient time for Ti to approach T e , and (b) if T e < Xi, equalization will be close in a fraction of a microsecond. Accordingly, T e ^ Ti > 0, and T e lies between the values quoted above and half those values. The best agreement with data is for TÍ = 0.
The first two temperatures assumed to be T e are in excellent agreement with the parallel conductivities, and at 2.6 /¿sec, the conductivity goes down. We obviously suspect a breakdown of the confinement and we shall refer to these observations in the discussion.
Future experiments with Columbus S-4 might be (a) most urgently to attempt to make the system Suydamstable, perhaps by using programed B z and B e ; (b) a search for radiations in the plasma. oscillation frequency region, i.e., 2 x 10 12 sec" 1 , for the violin string mechanism, and 10 11 sec-1 for the Akhiezer et al.-Bunemann mechanism.
Perhapsatron S-4 51
This toroidal wall-and-Bg-stabilizedpinch apparatus, shown in Fig. 10 , is the scaled-up successor of Perhapsatron S-3. 62 The parameters are: torus diameter, 7 cm; major diameter, 35 cm; torus material, quartz; number of feed points, 2; condensers, 2 x 225 /¿f at 20 kv; peak pinch current, ~320 ka; time to current maximum, 12.5 /¿sec. Figure 11 shows a characteristic oscillogram of voltage per turn, current, neutron intensity, and Si n 4130 À light intensity. In general, we see that the current and voltage are more nearly тг/2 out of phase, than for the S-3 machine, indicating that the current is limited by inductance rather than resistance as in the latter. The neutrons aré emitted in the vicinity of the current maximum, and are more reproducible in intensity than has been previous experience. A mean neutron yield at 15 kv condenser voltage is 5 x 10 e . The maximum yield observed is slightly in excess of 10 7 neutrons per pulse. The impurity light intensity is seen to rise rapidly during the neutron emission. The rise becomes earner and steeper as the power (condenser voltage) is increased. Thus, impurities are probably an important factor in the performance of Perhapsatron S-4 at times later than the maximum in the neutron intensity.
Magnetic Behavior
Magnetic probe measurements of B e and B z were made by a probe inserted along the radius at one point on the outside edge of the torus. The determination of p from such records in toroidal geometry requires some explanation. From the B Q and B z vs. time records, we map B Q and B z over the plane of the minor axis as a function of time. Then p in this plane is obtained from the equation where x is the radius from the major axis, a is the radius where B Q = 0, and the constant С is evaluated from some point where p is known.
This derivation assumes only that the magnetic field is symmetrical about the plane of the minor axis circle and that there are no variations of field along the axis. The magnetic closed curves need not be coaxial with the minor axis, or with one another.
By analysing the probe data in this way, plots such as those shown in Fig. 12 may be obtained. In general, sheath detachment from the walls is imperfect. B z shows only very minor negative values at the outer edge so m = 1 spiral instabilities are not significantly present. The pressure distribution shows a hollow on the axis as late as 10 /xsec, but with substantial flanks which reach the walls at all times. At later times, the pressure distribution becomes wild, and it seems likely that the pinch is moving (a) from side to side in the plane of the mirror axis and (b) above and below it. The latter motion invalidates the pressure balance equation assumptions so we cannot decompose the pressure distribution into its pressure and inertial components as was done with Columbus S-4.
The reproducibility of the data is insufficient to allow deduction of a h and of the pressure distributions-only one is zero on the axis, that at 3.75 /¿sec. We take this one and estimate T from neT by equating the particles in the sheath to those that could be swept in from the original filling gas, and emerge with (Ге+Ti) ~130ev.
Since the voltage around the discharge is finite when the pinch current is passing through its maximum, we can estimate a gross resistance of the pinch, which turns out to be 2.8 x 10~2 ohms. To obtain the conductivity of the plasma, we need to estimate the current path and, approximating this as a 45° spiral, we obtain the value 2.5 x 10 2 mho cm" 1 , corresponding to a temperature of 5.5 ev.
Neutron Emission
The reproducible and relatively high neutron yield from Perhapsatron S-4, together with its small size, gives sufficient neutron intensity for a survey to be possible of the neutron emitting region. Using a leadparaffin collimator and small plastic scintillation detector, the resulting source distribution proves to be well centered on the minor axis of the torus, when viewed from two directions at right angles. Using an IBM 704 computer, the radial source primary distribution has been calculated from the experimental observations and the measured collimator resolving power. This gives the surprising result that the best fit to the data is for a source predominantly in a thin shell at the radius 1.3 cm. This is also the most probable position for the sheath from the magnetic probe data. The reliability of the data is such that a solid cylinder source cannot be excluded altogether for these measurements. Better statistics will easily resolve this point when the machine returns to the laboratory from the Geneva exhibit. Figure 13 shows the neutron energy distributions from Perhapsatron S-4, from proton recoil counts in a cloud chamber neutron collimator system aimed respectively in the two directions tangent to the minor axis circle from a point in the plane of the torus.
The anisotropy corresponds to 10 kev deuterons, moving in the direction of gaining energy in the applied electric field, incident on stationary deuterons.
The distributions from the Perhapsatron are very little wider than the calibrations from a monoenergetic source, suggesting that the deuterons responsible are fairly monoenergetic. A small secondary peak 0.75 kev below the main peak of each distribution can be conveniently attributed to an inelastic scattering resonance by the iron core.
Microwave Emission
A superheterodyne microwave receiver 53 tuned to Л = 3 cm, when applied to the probe aperture, detected an extremely large signal some orders of magnitude outside the range of thermal radiation intensity appropriate to a black body radiation at kilo volt temperatures. The results are quite preliminary but can obviously be ascribed to the plasma oscillation process mentioned above. Measurements in the electron plasma frequency region, Л = 0.1 mm, are in preparation.
Effect of Crowbar
By shortcircuiting the condenser supply at the moment of maximum current, the high current can, in principle, be extended, changing the time dependence of the current from a sinusoidal to an exponential decay. This procedure is known as crowbarring, a term borrowed from the Radiation Laboratory of the University of California. By substituting a very large capacitor or battery, for the short circuit, whose potential is equal to the dissipative potential drop, RI, the duration of the current maximum can be extended still further or indefinitely. The device is then known as an amplified or power crowbar. It has proved possible to apply the power crowbar to Perhapsatron S-4, using one 100 ¡Л condenser connected, via ignitrón, across each 7.5 ¡d, 20 kv condenser in the main supply. The power requirements of the pinch have proved to be so large that, in order to stay within the safe rating of the crowbar condenser (3.5 kv), the main condenser has had to be operated at a potential reduced from 14 kv to 7 kv. This reduces the neutron yield under normal operation to ~2xlO
5 . The crowbar extends the duration of the current maximum so that approximately 28 josec of essentially constant current operation are observed, throughout which neutron emission takes place, increasing the yield tõ 2xlO e (Fig. 14) . Magnetic probe measurements during the constant current period show an intermixed distribution which stays approximately constant until the end of the period. As a technical achievement, the crowbar is very satisfactory but the conclusions to be drawn from its behavior are disquieting. During the constant current phase, the current has the value 180 ka and RI has the value 5 kv, of which the resistive drop in the primary is negligible. (The oscillograms are somewhat complicated by the saturation of the iron core). Consequently it appears that the resistive drop in the pinch amounts to 5 kv at 180 ka.
A simple calculation of the conductivity, assuming only parallel conduction along the magnetic field I -4 -2 0 2 4 6 nu.ii Minor Radius-cm. Unes, gives the same value as before, 250 mho-cm" 1 , corresponding to 5.5 ev. The temperature by the resistivity is thus inconsistent with that derived from the pressure balance.
Further, the neutron emission and resistivity remain constant during the crowbar phase, during which period 27 kilo joules are deposited from the condensers, which would be sufficient to add 5.5 kev per electron to the plasma. The conclusion that the input is balanced by some dissipative process seems to be forced. Ixion   17 The arrangement in which most of the Ixion experiments were conducted consisted of an axially symmetric magnetic mirror. The magnetic intensity was seven kilogauss in the median plane and rose to a maximum of 16 kilogauss at the throats of the mirrors. The radial electric field was approximately one kv/cm. ' The diameter of the outer electrode was 24 cm and the distance between mirrors about 70 cm. The inner electrode was, on occasion, either a metallic rod 5 cm in diameter or a cylindrical region of injected plasma, roughly 3 cm in diameter. The gas was usually deuterium, admitted at a pressure of 1 /*, Hg. A typical oscillogram of the discharge current and voltage (Fig. 16) reveals that, for the first hundred microseconds, Uttle current is drawn. Next a pulse of current is seen, which has a peak value of about 20 ka and lasts about 25 jusec, during which time the voltage drops about 50%. During the next 500 jusec the voltage decays exponentially to zero. During the initial low current period there are indications of the presence of an anode sheath where most of the voltage drop occurs. The current pulse occurs when a rotating plasma is developed. Experimentally it appears that about one-fifth of the charge transferred to the device by the current pulse is associated with the polarization of the plasma caused by the tangential drift. The ion kinetic energy corresponding to the drift motion is about 30 ev as measured by the Doppler shift, assuming that the emitting atoms have acquired the plasma drift speed by collision or charge exchange. The subsequent exponential decay of the voltage is attributed to loss of plasma to the walls; the rate of decay is not inconsistent with the mechanism mentioned earlier.
If higher electric fields than 1 kv/cm are applied to the device at the time of breakdown, the discharge becomes completely dissipative, producing neutrons at the same time, and no lasting rotary drift is induced. This limiting electric field is much smaller than would be expected from an elementary analysis based on the equilibrium of a rotating plasma with the magnetic field. It appears that reasons for the present limitation on the voltage are rather to be found in the processes operating during the breakdown period, one of which is certainly the catastrophic evolution of gas from the electrode surfaces. It is planned to focus attention on these processes in the near future.
Columbus T-l 54
This is a long (6 m) linear pinch discharge tube of 15 cm diameter, having 1.6 cm thick aluminum walls divided into insulated sections 5 cm long. It was built primarily to test the Harwell (UK) group's concept of quasi stabilization of the pinch by conducting walls. The main interest in the results lies in the picture (Fig.  17) it gives of a particular mode of a spiral instability, 
1860.15
at large amplitude in steady state motion or, alternatively, as a laboratory demonstration of a large amplitude transverse Alfvén wave. This complicated configuration was unravelled by a magnetic probe analysis in three dimensions.
55, 56
Scylla uses a rapidly rising axial magnetic field to ionize and compress a deuterium plasma in mirror geometry. Such arrangements have been proposed, with and without mirrors, as for instance by Post 57 and Wilson 68 in the USA and Terletski 5» in the USSR, and studied experimentally in Jug, 80 Collapse, 61 and Totem Pole 62 . e3 and by Kolb.«4 The coil is energized from a bank of ten 0.88 /if condensers, and the inductance of the system is such that about half the 70-75 kv condenser voltage appears at the terminals of the single turn coil. The condensers are switched by individual 4-electrode spark gaps specially designed to have high precision in firing (Fig. 19) . The tube is made of alumina (Mullite). Figure 20 is an oscillogram of the current together with the signal from the scintillator. The current is in the form of a damped oscillation of frequency 200 kc. The first sharp peak is due to X-rays and occurs at the voltage maximum and the three subsequent peaks due to neutrons are coincident with the current maxima. Neutrons do not appear in the first current half cycle, presumably on account of incomplete ionization; this hypothesis is supported by the observation that the first neutron peak passes to the third and fourth current maximum as the gas pressure is re- duced. The maximum neutron emission (22 May) is 2 x 10 7 per pulse. The magnetic field can be shaped in a very simple way, by adjusting the internal cross section area surrounded by the coil, since, for the short times of the experiment, the magnetic flux through all sections is the same. The yield proves to be quite sensitive to the mirror ratio. For uniform fields, no neutrons are observed, and a maximum is found for (area of center)/ (area of neck) ~ 1.1.-Higher mirror ratios, made by increasing the cross section at the center, reduce the yield, presumably by reducing the maximum magnetic field at the midpoint and consequently the compression. The neutron yield is sensitive to impurities and the base pressure achieved in the vacuum system, and after a long series of shots under the same condition, becomes quite reproducible. For an initial D2 pressure of 100 ¡1 Hg, thermonuclear neutron production would require a fully Maxwellized temperature of 1100 ev to give the observed yield and satisfy a pressure balance equation.
With this small source and appreciable neutron yield, the neutron and X-ray brightness is high and experiments yielding images of the neutron and X-ray emitting regions are a definite possibility. At present there seems no reason to doubt that a thermonuclear reaction is taking place, the difficulty at present being the usual one of not knowing whether the mean energy of the deuterons is high enough to give the observed yield, or whether some small group have an appropriately larger energy. The time of emission of the neutrons and the clear separation of X-rays and neutrons are all very favorable indications, but a decision must be deferred at least until the neutron energy distribution has been measured. The neutron emitting source has already been identified as close to the coil axis, and nuclear emulsions have been exposed. An important experiment with this apparatus will be to study the neutron emission while the current is sustained at its maximum by a crowbar procedure. Another experiment currently in progress is to determine, by a time-of-flight and momentum analysis, the nature and energy of the particles escaping from the mirrors at the time of maximum compression.
РАМ 65
This is an experiment to study the acceleration of plasma, both for its own interest (and possible application to thermonuclear reaction studies by collision) and as a method of translocating plasma auxiliary to other machines. For example, Ixion receives its plasma by axial injection of plasma from such a device, while efforts are being made in Columbus T-3 to achieve pinches, at densities several orders of magnitude below those achieved hitherto, by the aid of such injection. The novel feature in these experiments is the immediate ionization, before dispersal, of a puff of cold gas injected into an evacuated tube which in most cases is provided with an axial magnetic field (Fig. 21) . The initial ionization is either by a pinch, with axial expansion into the vacuum, or a tangential electric field from a one-turn coil connected to a high voltage condenser. Any neutral gas ahead of the expanding plasma is expected to be overtaken, ionized, and carried along, or left behind so that the plasma can be observed thereafter in vacuo.
The plasma has been successfully accelerated further by a traveling magnetic wave injected into a solenoidal transmission line. The velocity of the plasma is measured from the transit time between fast photomultipliers while the total momentum is measured by the classical ballistic pendulum. At the time of writing, the plasma velocity is 5 x 10 6 cm/sec, plasma impulse 90 gm cm/sec. There seems no reason to doubt that the present techniques will permit the final velocity and mass accelerated to be increased by about a factor of ten.
Picket Fence 66
This and the following experiment are in a less developed state than the foregoing.
A test of the confinement properties of the cusped magnetic field configuration can very simply be made by using the fast Scylla condenser bank in combination with a suitable coil. Such a coil has been made, Fig. 22 , which shows the measured magnetic field lines. Ultimately, when the technique of the crowbar has been extended to Scylla, it should be possible to maintain the field at its maximum strength and to observe the loss of plasma as a function of time. A direct comparison of the loss rates from mirror machine versus Picket Fence geometries should thus be possible.
Columbus T-2 54
The range of densities over which good observations of the pinch effect have been made (taking into account the scaling laws for similar discharges) is very small. Indeed it seems that the densities studied have been dictated by considerations of obtaining breakdown. A properly chosen preionization system should allow, for example, the production of a pinch at, say, 1/100 of the usual particle density per cm length of the tube, which would bring down the pinch current by a factor of 10 or, alternatively, allow much higher temperatures to be confined at the same current. However, the most striking advantage of such an arrangement is expected to be the complete isolation of the wall from the initial bombardment ; the pinch, in an arrangement such as this, being created in free space. Figure 23 shows the large Columbus T-2 discharge tube, 90 cm in diameter and 3.6 m long in its new form. This has an all-metal wall consisting of a thin stainless steel bellows which conducts in parallel with the discharge.
Such an arrangement has been proposed by Thonemann. 67 The pinch is formed by injecting a plasma column along the axial magnetic field lines: on bridging the two ends, it becomes the pinch. This apparatus has been operated only in an unsatisfactory form with subdivided conducting wall. The pinch is indeed formed in the predicted way, but the later phenomena are overshadowed by arcing between wall sections and arcing from wall to pinch. The new conducting wall may still develop arcing to the pinch, in which case, an insulating wall will be used.
TECHNOLOGY Magnetic Probe
Our most serviceable tool for plasma physics has proved to be the magnetic probe. 44 ' 68 The technique is straightforward. A small coil (2 mm diameter, 20 turns) enclosed in an electrostatic shield, is mounted in the closed end of a tubular sheath of quartz or alumina, which projects radially into the discharge tube, and the coil is adjusted to the required radius and orientation. The integration of the resulting voltage signal is by an RC network (which has been preferred to the more sensitive electronic methods of integration on account of its great working range since the voltages developed by the coil can reach kilo volts). Care has to be taken that the frequency responses of all components of the system are adequate. Twenty megacycles is used for test. Doubts have been expressed as to the validity of magnetic field measurements made by a probe immersed in a plasma. 69 For the Columbus S-4 measurements, the validity of the probe measurements in the presence of plasma have been established beyond all question as follows: the B z in this apparatus is produced by a low frequency condenser discharge through a solenoid wound on the exterior of the cylindrical return conductor of the discharge tube, reaching the tube interior by diffusion, and is measured in situ, in the absence of plasma, by standard laboratory techniques. The probe, whose integration time constant is too short to observe the slow rise of B Z} is calibrated ballistically using standard magnetic coils. are constructed for different times. The integral 2irrBzdr, taken over such curves, should be conJo stant provided that no flux leaked in through the outer conductor (conservation of B z flux). For a set of such curves, taken with special care on a Columbus S-4 pinch which included plasma pressures up to 4 x 10 6 dynes/cm 2 , the B z was conserved to within 98% of its initial value. Note also the zero value of E g at the wall in Fig. 7 . Normal data shows 90-95% flux conservation. Small probes, as described above, show remarkably little perturbation of the pinch so that, for example, a traverse along a diameter through a pinch column, from one side, gives a symmetrical record within the experimental error (provided that the pinch is stable). Obviously, some perturbation must result, however; in Perhapsatron S-4, a reduction of neutron intensity can be detected in the vicinity of a magnetic probe, the rest of the torus being unaffected. Unfortunately, as higher temperatures and longer confinement times are reached, the contamination and local cooling by the probe will inevitably become significant, and ultimately intolerable, and this useful technique will have to be abandoned.
Elaborate experiments have been made to find some other probe technique. Electron beams up to 400 kv proved quite useless for pinch currents > 10,000 amp. Highly energetic proton beams have frequently been proposed, but the measurement quality is likely to suffer greatly, and interpretations become very difficult as consequences of the complicated deflexion path through the pinch. A highly collimated microwave beam probe for the evaluation of electron density is immediately practical for many geometries, but not for the present high density pinches; these require an interferometer arrangement at say Л = 0.1 mm, which is certainly beyond microwave technology at the present time. Furthermore, there is some indication that the pinch itself may radiate more strongly than any contemplated generator at Л = 0.1 mm.
Switch Technique
Switch techniques play an important part in high power pulse discharge research. For discharges at medium voltages (up to 20 kv) and times to peak currents of as little as 6 /¿sec, specially developed ignitrons are used to connect many condensers simultaneously across the load. The ignitrons show consistency in triggering of approximately 0.1 /¿sec. As might be expected, the safe current carrying capacity per ignitrón depends on the duration of the current impulse. Characteristic maximum ratings for a half sine wave current pulse are: (GE 5550ignitrón) 18,000 amperes peak, duration 60 ¿tsec; 4000 amperes peak, duration 2 msec. A spoüed ignitrón has a low breakdown voltage. The spoiling process is believed to be associated with development of an arc spot on the metal walls of the tube. Installations of this kind are employed on Columbus S-4, Perhapsatron S-4, and Ixion and for B z supplies universally. For extremely low-inductance high-voltage high-power applications, such as Columbus II and Scylla, ignitrons cannot be used. Two kinds of spark gaps have been developed. 42 -The operation of Columbus II has depended on the success of a vacuum spark gap (visible in the upper half of Fig. 2 ) which was developed to meet the following requirements: trigger in less than 1 fisec, have an inductance < 3 x 10~8 h and be able to hold off 70-80 kv, after having passed currents of 10 6 amp. A simple vacuum gap readily holds off 70 kv before use but ceases to be able to do so after one discharge. Potential grading, using 8 diaphragms, solved this difficulty; capacitative subdivision of the potential between the diaphragms proved adequate for an applied potential rising to full value in 100 ¿¿sec. The choice of Teflon (polytetrafluoroethylene) for the insulators turns out to have been a happy discovery, for it has self-cleaning properties, after exposure to the metal vapor of the vacuum spark, so far unique to this material. In our experience, normal materials, e.g., porcelain, are quite impracticable for vacuum spark gaps, becoming coated by a metal film after a few discharges. Brass electrodes withstand the erosion of 5 x 10 5 amp discharges well, the original Columbus II gap being still effective after many thousand discharges.' The eroded surfaces have a highly polished appearance.
Vacuum spark
Four-electrode spark gap 70 -The principle of automatic irradiation of a spark gap by photons from a subsidiary spark, in order to achieve precise breakdown characteristics, has been well described. 71 Such an auxiliary gap adds a fourth electrode to the conventional three-electrode gaps (which, for precise operation, also depend on irradiation producedin aless direct manner.)
The principle has been extended to the well known 3-sphere gap as shown in Fig. 24 . The central electrode is arranged by divider to float at a potential midway between the upper and lower electrodes. The incoming trigger pulse charges the center high impedance electrode via a small spark gap which irradiates the upper and lower gaps through the axial hole. When the center electrode reaches the breakdown potential of one gap, breakdown occurs, which immediately overvolts the second gap, completing the circuit. The not negligible advantage of this system is that, although the upper and lower electrodes are, of necessity, connected to systems of very low impedance, which would therefore require powerful trigger pulses to influence, the center electrode is in a high impedance system, capable of being triggered by a low power pulse.
An essential feature of this type of gap, to achieve reliably precise timing, is that the irradiation gap is adjusted in length to be small enough that its own unirradiated jitter never overlaps into the time when the center electrode potential reaches the breakdown point of one or the other of the main gaps. The jitter of these four-electrode spark gaps has not been measured but is known to be less than 10~8 sec for the following reasons: ten of the gaps are used in a parallel connection (see Fig. 19 ) in the Scylla apparatus, where the inter-condenser signal transit time is 0.03 /¿sec. The aggregate spread in firing must be less than this or some condensers will fire in anti-phase, with marked effects on the oscillograms (and serious strain on the condensers !). Such behavior is seen at 65 kv gap voltage but the gaps are completely reliable at 70 kv with no malfunction in several thousand operations. The upper voltage limit of the present design is about HOkv, being a function of the selected gap spacing and insulator design.
DISCUSSION Pinch Temperatures
Before we can discuss the measurements of the interior of the pinch, we must deal with the correction to the pressure balance equation due to runaway. This correction has the effect of making p seem larger than it really is, and we have no direct knowledge of the amount of runaway in the Columbus S-4 and Perhapsatron S-4 pinches. It turns out, fortunately, that we can demonstrate it to be negligible, in certain special cases. For the correction, as has been pointed out by Lovberg, is monotonie in / (centrifugal force is always outward). Consequently, for pressure distributions with p zero on the axis (so called hollow distributions), the runaway correction must be insignificant.
Let us consider the most precisely known of our pinches, the Columbus S-4 measurements at 1.4, 1.8 and 2.6 /¿sec shown in Fig. 7 . When the corrections are made for the small radial oscillation of the pinch, the first two of these become hollow distributions and for the third, being such a small extrapolation from the first two, we shall consider the insweeping of the sheath to have continued and swept all the initial filling gas into the shaded area of Fig. 7 .
We can derive a temperature T p , from the sheath density. where T is measured in ev. Then we make an energy balance calculation in the sheath, obtaining the rate of temperature rise:
dT¡dt ocE-j/». Table 1 shows the results obtained. At 1.4 /¿sec and 1.8 jitsec we see very fair consistency between the three quantities T p and T a and dTjdt.
However, for the third time, T v is too high to be consistent with the conductivity and, although the heat input rate rises greatly, the conductivity temperature falls. Obviously some cooling process is required, starting between 1.8 and 2.6 /¿sec.
The later phases of Columbus S-4 and Perhapsatron S-4 show these inconsistencies to an increased degree. For example, in the crowbarred phase of the latter, the steady energy input rate is 900 megawatts, or 95 ev per electron per microsecond, yet no steady rise of pressure, neutron intensity or even impurity light intensity is observed. It seems urgently desirable to introduce the slit of an energy and momentum analyser into the discharge tube wall to perform a definitive experiment. [We are indebted to Colgate 73 for experimental evidence for electron escape.]
Returning to the late time inconsistency between T p and T a -we can reconcile this in essentially four ways:
(1) increase particle density by transport of matter from the walls (i.e., retain the high pressure but bring Г р down to T a ); (2) eliminate the high pressure by assuming a large runaway correction, again reducing T p ; (3) retain the high pressure but reduce T p by assuming that the pressure is due to some other form of energy density, e.g., turbulence; or (4) raise T o to T v by making some correction to the fpower law conductivity formula.
Let us deal with these alternatives in order.
(1) To bring consistency by means of extra atoms is rather inconsistent with the observed freedom from impurity radiation in both these experiments.
(2) There is undoubtedly some runaway, for both experiments produce X-rays, but, to account for the high pressures by these alone requires, for example, a runaway of all the electrons in the system, at several hundred ev, which is both current-wise and energetically impossible.
(3) It turns out that the turbulence hypothesis is a perfectly reasonable way of explaining how high pressures can be observed without the necessity for high temperatures. Consider the 10 /¿sec measurement in the Perhapsatron S-4 of Fig. 12 . To account for the observed 2 atmos pressures would require an electron temperature in the original filling gas with, say, a fourfold compression, of ~220 ev. The conductivity is consistent with a temperature of 6 ev.
Let us assume that the pressure is given by ^nmv 2 , where v is the root mean square speed in the turbulence, and that T v is in reality 6 ev. We now estimate the relaxation time for the decay of the turbulence into heat, and, for this, we require a mean eddy size, Л. From considerations of the size of the sheath and the resolving power of the probe, we shall take Л = 0.5 cm. Then the relaxation time т (given by 4тг 2 о-Л 2 /с а ) turns out to be ~ 1 /¿sec for о = 9 x 10 13 esu. If now the input energy primarily goes into turbulence, and escapes immediately as heat to the walls, the ratedetermining process is the turbulence-heat decay rate. The instantaneous energy density in turbulence is given by energy input rate x т. This turns out to be ~4x 10 6 erg/cm 3 , in reasonable agreement with the observed 2x 10 е erg/cm 3 . (4) For the last hypothesis, it could be that although good consistency was found using the f-power law for the conductivity at early times, this law might break down as say plasma oscillations develop. Indeed, Bunemann has argued that this happens. In such a case, we retain T p , and T a can be large, or even meaningless. We still, of course, have to keep the loss process which is not affected by the argument.
At present there is insufficient experimental evidence to distinguish between hypotheses 3 and 4.
Loss Process
Turning now to the prime cause of the loss process, two possibilities come immediately to mind, namely: (a) hydromagnetic surface instability of the Suydam type, and (b) plasma osculations induced by the electric field. Both Columbus S-4 and Perhapsatron S-4 are Suydam unstable (see Fig. 5 ) so it seems likely that growing perturbations will be present. The loss process is seen to intervene at 2.6 /tsec in Columbus S-4, before any fluttering has been detected but this could easily escape detection when just beginning. It is a straightforward experiment to check hypothesis (a) : all that is required is to impose a Suydam stable configuration, and observe whether the conductivity or pressure rises. There are several ways of doing this, including the reversal of B e and В г . So far, the preliminary experiments have involved reversed B g and have been ineffective in changing the conductivity but the B z programming equipment has been inadequate. The outcome of this experiment may be crucial for the future of the stabilized pinch as a reactor, so that it will receive much study.
As for hypothesis (b), the criterion for the excitation of plasma oscillations seems universally that z, the ratio of drift speed to thermal speed, be > 1. Looking into the measurements on Columbus S-4 and Perhapsatron S-4, for complete runaway of all the local electrons, the largest values of z we can find, where z = (Jlne)(m¡2kT)K are 10~a and 0.5 respectively. Since however the electric fields in these devices are appreciably lower than Dreicer's values for total runaway, these values are probably strong underestimates, and we can be certain some fast electrons are present, since both apparatus produce X-rays.
Thus, about all that can be said, at present, is that conditions could easüy be favorable for the excitation of plasma oscillations by runaway.
Electromechanical Oscillations
The electromechanical radial oscillations of the pinch reported in the section on Columbus S-4 have some interesting properties. For the case when the plasma is concentrated in a thin shell between the The time т for this configuration to become smeared out by diffusion of the currents is proportional to 2naRo 2 lc z . Consequently, the number of oscillations of this type we would expect to see is ш т т, which is proportional to RQ*. Thus, more oscillations should be obtained in large diameter discharge tubes.
After a time of order of magnitude т, the configuration wiH have changed to one resembling a solid cylinder composed of plasma and B z magnetic field, surrounded by B e magnetic field (in cylindrical geometry, the density rises more rapidly on the inside than on the outside of the shell). For this configuration, the oscillation frequency acquires a dependence on the plasma properties. Thus, for small oscillations, we have where subscripts e and i refer to electron and ion properties taken separately and у is the ratio of specific heats. These are the usual bouncing osculations, such as were noted by Bezbachenko et al?$ These oscillations might be used for plasma heating purposes, by exchange between the radial and longitudinal degrees of freedom, in the manner proposed by Spitzer 76 and Schluter 76 (magnetic pumping). 77 Furthermore, y e and yi must change in a complicated but predictable way (in general from 5/3 to 2 as the temperature rises) from which some knowledge of T may be extracted.
Dynamically Stabilized Pinches
It has frequently been suggested that pinches with radio frequency currents might have advantages in duration and stability over those with direct current, and rf pinches have been sporadically investigated experimentally. 78 - 80 The frequencies have to be high, so that the duration of the free expansion at the surface of the pinch, which takes place near the zero of magnetic field there, is insufficient to allow the plasma to reach the wall. Magnetic fields of several thousand gauss at megacycle frequencies require large expenditures of power, and the resulting economics of such devices takes them out of the field of possible thermonuclear reactors. Incidentally, the same seems true of cavity confinement, although for experimental confinement ^iot related to economic production of power, the rf cavity used in the strong focusing mode of Good 81 shows much promise.
Rotating Magnetic Fields
Later, have come proposals for rotating magnetic field confinement where, since the confining field is never zero, the required frequencies are lower. However, calculations of the stability of plasmarotating magnetic field boundaries 82 - 83 have been discouraging. Nor is it hard to see why this has been so. Consider an infinitely conducting pinch confined by a magnetic field of constant magnitude, but whose direction at all points is along a tangent at the interfacial plane, rotating with constant angular velocity. Such a configuration passes from the pure pinch {B z in в direction) to the pure axial field confinement cyclically, and the modes of instability vary cyclically between positive and negative values. Such systems are characterized by Mathieu equations whose solutions, except for restricted ranges of the parameters, are badly behaved, i.e., divergent in amplitude.
It now seems that this treatment has led to an error and an exaggeration of the degree of instability. Thin boundaries do not exploit the stabilizing properties of the magnetic shear to the fullest possible extent. An example of this is to be seen in the effect of В г external to the pinch on its hydromagnetic stability with thick and thin boundaries. As mentioned in the theoretical section, with thin boundaries, external B z always diminishes the stability. For thick boundaries, a reversed B e can increase the stability.
For a rotating field, the magnetic fields take on a lamellar structure which is qualitatively most encouraging for stability. Solutions of Maxwell's equations for the penetration of a rotating magnetic field into a uniformly conducting cylinder (without dynamics) exhibiting this are shown in Fig. 25. (We are indebted to Riesenfeld 84 for this solution.) We see that for the currently observed pinch conductivities, ^/10 2 mho cm" 1 , frequencies in the range 10-250 kc give appreciable penetration.
The next steps, of considerably greater difficulty, are to put in the plasma dynamics and then examine the configurations for stability. It seems quite likely that a moderate degree of interlaminar instability could be tolerated in a constantly regenerated configuration of this kind but, at these low frequencies, surface instabilities would be fatal. Toroidal geometries for the excitation of pinches such as the above were discussed some years ago at Los Alamos 8S but dropped for the reasons given above. Such geometries have a certain simplicity (Fig. 26) .
For a simple verification of these speculations, efforts are being made to devise a ringing condenser system to provide, for a brief time, the large (>100 Mw) alternating current power required.
Brute Strength Approach
Suppose it turns out that the losses from the stabilized pinch are due to plasma oscillations ? In such a case, since we have no idea how to prevent them, the stabilized pinch would seem unlikely to lead us to an economic thermonuclear reactor. Nevertheless, as an exercise, we can still in principle construct a pinch apparatus showing an energy profit. For this, we return to the old pre-stabilization Columbus X concept, of a single contraction pinch, whose size and density is such that the thermonuclear yield exceeds the energy input. That this must be possible in principle, we see as follows: consider a pinch which is formed arbitrarily rapidly, so that the losses are insignificant during the contraction. The disassembly time for a fixed optimum temperature is proportional to (compressed radius)/(sound velocity). Consequently the thermonuclear yield is given by
The investment cost, where all magnetic fields, losses, etc., are absorbed into the constant, is
The efficiency, e = Y/I, is proportional to nr ; thus by making m large enough, e becomes >1. To produce a reactor this way is somewhat dismaying. Even using tritium-deuterium, the pinch currents arẽ 10 9 amp, voltage gradients ~10 6 v/cm and the thermonuclear energy release takes the form of an explosion of power equivalent to ~ 1 ton of TNT per cm length of the pinch. Such impulsive confinement arguments can of course equally be applied to picket fence and spherically convergent shock systems, but the result is broadly the same. It would be an unpleasant form of reactor, of course, but hardly more so than the current proposals for thermonuclear power from H bombs.
Plasma Oscillations
While in this vein, we might speculate whether plasma oscillations might grow on the transverse currents (in the direction Vp x B) in the boundary of a confined plasma. Qualitatively, we see that a small electron charge accumulation in the surface of such a plasma boundary produces an electric field which leads to a ripple in the plasma surface, but does not relieve the accumulation of charge. Such a process was described by Alfvén. 86 Although it can be shown that the charge drift in a gradient of magnetic field is divergenceless; nevertheless, a situation might easily arise in the sheath where the ripple would grow as follows. Figure 27 shows a sheath having some trapped particles. The usual electric field E x , arising from the difference in Larmor radii of ions and electrons in the direction normal to the interface, is present. If now E x /B z increases outward away from the plasma, any small accumulation of electrons introduces a perturbation in the drift, which grows as it moves outward. The only selfconsistent sheath analysis known to us 87 is indeed unstable according to this.
It has been usual to take reassurance from the fact that charge can neutralize freely along the field lines. That this process is not always sufficient can be seen in the recent experimental observations 88 of the instability of a hollow electron beam traveling along an axial magnetic field. The process is precisely that described by Alfvén above, and the beam breaks up transversely to the magnetic field into parallel streams, in cross section resembling a vortex street.
Non-pinch Devices
So far we have discussed only the pinch. There remain several other configurations, notably Scylla, Ixion, Picket Fence, and the electrostatic inertial systems. We shall discuss these more briefly, since they have been studied less. We regard Scylla as an experiment to make and study thermonuclear reactions, and it makes a substantial number of neutrons. Before discussing these, we must have a criterion for a thermonuclear reaction.
The reason, of course, for the retention of the word thermonuclear in the title of our subject is that in order to produce an energy profit, we have to be able to allow many Coulomb collisions for each nuclear reaction. Thus the Maxwell distribution is an essential requirement. All the neutrons reported so far have almost certainly been produced by a small high energy component of a system whose average energy has been small. Such neutrons are irrelevant though not uninteresting. Next we consider a system that does have a high enough average energy to make neutrons but having all the particles with the same energy (8-function distribution). We see that this is not enough either. We must demonstrate that it can be confined after it is Maxwellized. Thus the demonstration of a thermonuclear reaction might progress in the following steps:
(1) the neutrons must be produced under conditions where no violation of pressure balance, thermonuclear yield rates, etc., has occurred; (2) the neutron energy distribution must exclude a high energy deuteron component as the neutron source, and anisotropy in the distribution must be accountable in terms of an overall plasma drift; (3) a strong but not conclusive proof of a Maxwell distribution would follow from neutron emission (even a rise of intensity) over many collision times (the loophole comes from the possibility of neutron emission from a cold deuteron plasma by photodisintegration from Mev electrons); and (4) a direct measure of F, the plasma distribution function, which would surely be conclusive: in certain cases, notably in mirror geometries, it may even be practical.
The preliminary energy distributions of the Scylla neutrons indicate that Scylla is probably past stage 2 above. The present time confinement is about one collision time: the evidence for a thermonuclear reaction in Scylla is thus strong but not yet conclusive.
Ixion is an attractive geometry, especially as the "heating" process heats the ions selectively. It seems definite from the Doppler shift of the radiation that an ion drift and ion Larmor energy of about 30 ev has been achieved. At present, the standing current across the magnetic field is too large. For future experiments, an increase of apparatus radius is indicated, together possibly with initial ionization by condenser discharge and maintaining of the current by dc supply, in a strongly pumped system with diverters.
Picket Fence is interesting mainly for its strong inherent stability. Since its losses would seem always to be larger than those of the stable mirror machine, we regard it as a next-to-the-last-ditch reactor concept (Columbus X is the last ditch!) to be brought out if the mirror machine geometry is struck down by instabilities.
The electrostatic inertial system is still only a paper speculation.
CONCLUSION
A new surface instability of the Вг-wall stabilized pinch has been deduced theoretically. It would require reversed B z or B e to stabilize it.
Refined measurements have been made of the interior of pinched discharges. The Вг-wall stabilized pinch has been shown experimentally to have a large energy loss rate. The cause and mechanism for this is not yet known but believed to be due either to the new surface instability described above, or to plasma oscillations excited by electron runaway. If the former, the outlook for the pinch is good; the instability can be stabilized, and there is even increased promise for a continuously maintained dynamically confined pinch. If the latter, the outlook for the .B^-wall stabilized pinch as a reactor is poor.
Axial magnetic field-radial electron field systems are shown to have much interest theoretically, and it appears that the confinement properties of mirrors can be greatly improved. Experimentally, such a system has indicated qualitative agreement with theory, and an equivalent temperature of 30 ev.
A system for accelerating bursts of plasma into vacuum has been developed.
A rapidly rising axial magnetic field plasma compression system in mirror geometry is producing > 10 7 neutrons per pulse, with a high probability of being thermonuclear at a temperature of over 1100 ev (13х10в °K).
